Phenol can cause environmental problems due to low biological degradation, high toxicity and long persistence in the environment. Thus, the removal of phenol and its derivatives from water is of great importance. Application of agricultural waste materials has been intensively investigated for many years for adsorptive removal of active pollutants. The objective of this research was to improve the adsorption capacity of rice husk ash by activation with different chemical agents for removing phenol from aqueous solutions. Fourier transform infrared spectroscopy, Brunauer-Emmett-Teller (BET), and field emission electron scanning microscopy techniques were used for characterization, and the modified rice ash husk was compared with the conventional one. Results indicated that the effect of chemical treatment by NH 4 Cl was better than the other tested chemical agents. The BET specific surface area of NH 4 Cl-activated rice husk ash (ARHA) was 543 m 2 /g, and the average pore diameter was 3.24 nm. The isotherm and kinetic studies of phenol removal by ARHA showed that the Langmuir model and the pseudo-second-order equation represented the best fit with the adsorption data. The maximum adsorption capacity of phenol onto the newly activated rice husk ash was obtained from the Langmuir isotherm model, which was 66 mg/g.
Introduction
Industrial effluents consist of various kinds of contaminants [1, 2] , such as surfactants, buffers, dyes, phenols, scouring agents, bleaches, caustic compounds, metals, acids, and xylenes [3] , with a wide range of concentration. Among these pollutants, phenol and its derivatives are of the most toxic materials and are widely used in some industries such as coke, tire manufacturing, oil refineries, paper, and plastic industries [4, 5] . Phenol can cause environmental problems due to low biologic degradation, high toxicity, and long persistence in the environment [6] . The United States Environmental Protection Agency (USEPA) has categorized the phenol derivatives as high-level contaminants since 1984 and 1 mg/L was considered a permissible level [7] . Phenol levels above 1 mg/L give an unwanted taste and odor to drinking water [8] . The reported dosage of this substance in blood which results in human death is in the range of 4.7-130 mg/L [9] .
Therefore, since many industrial effluents contain phenolic compounds [3] , it is necessary to identify an effective method for dealing with this problem and, therefore, there is a progressive demand for the removal of phenol and its derivatives from water [10] . The most common methods for removal of phenol and phenolic compounds from aqueous solutions include solvent extraction [10] , coagulation [11] , advanced oxidation [12] , biological degradation [13] , membrane filtration [14] , photocatalytic degradation [15] , electrochemical processes [16] , and adsorption [17] [18] [19] .
However, practical applications of the above-mentioned techniques may be conformed to some drawbacks including high cost, low efficiency, and generation of toxic by-products. Among the techniques offered for removal of phenol, adsorption is the most attractive and effective techniques, due to its high efficiency, low-cost, easy designing, and versatility [20] , and has been widely welcomed by environmentalists [5] . Adsorption using bio-sorbents, including agricultural by-products, has been found to be an attractive process for the removal of pollutants, especially organic materials, from industrial effluents [21] [22] [23] [24] . In this context, a variety of agricultural by-products, such cocoa shell [25, 26] , coconut shell [27] , pomegranate peel wastes [28] , cashew nut shell [29] , orange peel [30] , rice husk [31, 32] , etc., have been used as adsorbent for removal of different contaminants from aqueous solutions. However, the low absorption capacity of such bio-sorbents has limited their usefulness in the removal of contaminants from water. To overcome this problem, agricultural by-products can be transformed to biochars or activated carbons which are of higher surface area and adsorption capacities [33] . For instance, among the mentioned agricultural wastes mentioned, rice husk has been used as activated carbon to clean the environment from contaminants, because it has been reported as a good adsorbent to remove a lot of contaminants [34] . Rice husk ash (RHA), in conventional or modified form, has shown to be very effective adsorbent in the adsorption of active dyes [35] , arsenic [35] , heavy metal ions [36] , phenol [37] , bisphenol [38] , phosphate [39] , etc. from aqueous solutions.
The adsorption capacity of adsorbents strongly depends on the activation method and the conditions of production [20] . In chemical activation processes and preparation of activated carbons, the adsorbent can be saturated (soaked) with a chemical material and pyrolyzed at a specific temperature [40, 41] . By the employment of a beneficial method of activation, surface area and porosity of the adsorbent significantly increase, and functionality is modified, which altogether improve the adsorption properties of the activated carbon toward special pollutants and consequently leads to decreasing the amount of activated carbon consumption [41] . In the present work, in the light of the need for production of new beneficial adsorbents, RHA was exploited for preparation of a more effective activated adsorbent for phenol removal from aqueous solutions. The principal aim of this work was the investigation of the influence of some chemical agents, including MgO, CaCl 2 , KOH, MgCl 2 , NaOH, NH 4 SO 4 , NH 4 Cl, and ZnCl 2 , in the improvement of adsorption capacity of RHA toward phenol. Furthermore, the effect of different experimental variables on activated rice husk ash (ARHA) adsorption capacity was carefully studied, including solution pH, reaction time, initial phenol concentration, amount of adsorbent, and temperature. Also, light was thrown to the equilibrium, kinetic, and thermodynamic aspects of the adsorption process.
Materials and methods
This fundamental and applicable scientific research was performed using batch experiments. The materials used in the experiments purchased from Merck (Darmstadt, Germany) company. Solutions of 0.1 M NaOH and 0.1 M HCl were applied for adjustment of pH in the aqueous solutions, using a pH meter (HACH-HQ-USA) for pH measurements. The residual phenol concentrations were measured using a UV-Vis spectrophotometer equipment (CECIL CE7400, England ) at 500 nm according to the Standard Methods for the Examination of Water and Wastewater [42] .
Characterization of absorbent
The rice ash husk activated with NH 4 Cl was analyzed for its surface characteristics, using N 2 adsorption at 77 K [43] , carried out on a Micromeritics ASAP 2020, (USA). The EDX analysis of the adsorbent (NH 4 Cl-activated RHA; ARHA) was also performed to identify the elements present in the composition of adsorbent, using a MIRA3 TESCAN instrument equipped with an EDX analysis system. The field emission electron scanning microscopy (FESEM) micrographs of the adsorbent were recorded, using MIRA3 TESCAN instrument, before and after phenol adsorption for observing the possible changes in surface morphology of ARHA after adsorption process. Surface functional groups of the NH 4 Cl-activated rice husk before and after phenol adsorption was recorded by Fourier transform infrared spectroscopy (FTIR, PerkinElmer).
Optimization of adsorption capacity of activated rice husk
The applied rice husk in this study was initially obtained from the northern part of Iran. Then, the obtained rice husk was grounded to obtain small pieces (2-5 mm). Afterward, the husks were thoroughly washed with distilled water to remove all dirt and oven-dried at 105°C for 24 h. In order to produce ash, the oven-dried rice husk was heated at 500°C in a muffle furnace for 2 h. Different chemical agents, including MgO, CaCl 2 , KOH, MgCl 2 , NaOH, NH 4 SO 4 , NH 4 Cl, and ZnCl 2 , were used for activation and enhancement of the adsorption capacity of RHA. To check the effect of each of activation agent separately, a 5% (w/v) solution of that agent was added to a 250 mL Erlenmeyer flask. The suspension was stirred using a shaker at 100 rpm for 2 h, followed by drying in an oven at 105°C. Finally, the activation of impregnated ash was done at an average temperature of 800°C for 2 h under N 2 gas. Then, the prepared adsorbent was repeatedly washed several times with distilled water to remove all impurities and was dried in an oven at 105°C. In order to select the most suitable activating agent, the adsorption experiments were carried out. Afterward, the effect of weight ratio of the selected activation agent (0%-20%) was investigated to find the best weight ratio for reaching the highest removal efficiency.
Experimental
Analytical reagent grade phenol (purity > 98%) was used in all experiments, and all phenol solutions were prepared in laboratory conditions. The stock solution was obtained by dissolving 1 g phenol in 1 L of double distilled water. The applied phenol solutions for adsorption experiments were prepared by serial dilution of the stock solution. Adsorption studies of phenol on ARHA by different chemical reagents were conducted in batch conditions. In this study, the effect of five variables, that is, ARHA dosage (0.05, 0.1, 0.15, and 0.2 g per 50 mL), contact time (2, 5, 10, 20, 40, 60, 80 , and 100 min), solution pH (3-11), initial pollutant concentrations (50-300 mg/L) and temperature (20°C, 30°C, and 50°C) was investigated. In order to investigate the effect of each factor and to optimize it, that factor was continuously changed, and the others were fixed at a specified value. In order to mix the adsorbate and adsorbent completely, the contents were shaken thoroughly using a mechanical shaker rotating with a speed of 200 rpm. In the end, isotherms, kinetics, and thermodynamics were studied under the optimum conditions. In general, the adsorption capacity of phenol or the amount of phenol adsorbed per gram of adsorbent q eq (mg/g) and the adsorption percentage of phenol were calculated using Eqs. (1) and (2) as follows [44] :
where R is the adsorption efficiency (%), C 0 is the initial concentration of phenol (mg/L), C t is the concentration of phenol in the solution at equilibrium time (mg/L), q e is the adsorption capacity (mg/g), V is the volume of the phenol solution (mL), and M is the adsorbent dosage (mg).
Results and discussion

Effects of various activation agents
For finding the influence of each chemical on phenol removal, phenol solution (50 mg/L) was equilibrated with the ARHA samples, prepared by applying a ratio of 5% w/v of activation agent/rice husk ash, at neutral pH and adsorbent dosage of 2 g/L. The obtained data have been summarized in Fig. 1a in which it can be observed that the untreated RHA had a low phenol removal efficiency (57.09%). Fig. 1 reveals that the activation of RHA by different chemicals, especially with those which have ammonium in their structure, increased the removal percentage of phenol, in comparison with untreated RHA. Among the adsorbents produced by using different activation agents, RHA activated with ammonium chloride had the highest efficiency (94.85%) for phenol removal. Ammonium chloride provides more porosity on the adsorbent surface, which can be assigned to its explosion properties at high temperatures [40] . In contrast, some of the other chemicals such as MgO, KOH, ZnCl, CaCl 2 , etc. precipitates on the adsorbent surface, leading to lessening the adsorption sites available on the surface area of adsorbent [45] . The superiority of NH 4 Cl-activated carbon for removal of phenol is consistent with the confirmed high capacity of activated carbons prepared in the presence of ammonium salts as an activation agent [46, 47] . To investigate the effect of weight ratio (w/v) of the most suitable activation agent, that is, ammonium chloride, various amounts of this agent were used for activation of RHA. Results (Fig. 1b) indicated that the adsorption efficiency of phenol increased with increasing ammonium chloride concentration from 2% to 5% and decreased at NH 4 Cl > 5%. It seems that ammonium chloride/RHA weight ratios lower than 5% lead to lesser porosity and, hence, lower surface areas and lower phenol adsorption capacities. On the other hand, ammonium chloride/RHA weight ratios higher than 5% lead to activated RHA samples in which the developed pores become too wide and, due to the creation of fewer micropores and mesopores, the surface areas of the samples and their adsorption capacity toward phenol become lower.
Adsorbent characterization
The isotherm of N 2 adsorption-desorption for both the prepared adsorbent (ARHA) and its parent rice husk ash (RHA) can be observed in Fig. 2 , along with the pore size distribution curves. Also, Table 1 adsorbent and its parent rice husk ash are of a mesoporous structure. However, in fact, the value of average pore diameter in ARHA is almost one-tenth of its value in RHA, indicating that activation with NH 4 Cl develops many small pores in the structure of rice husk ash. The developed pores in ARHA have brought about a much higher surface area and, consequently, a much higher phenol adsorption capacity, compared with pristine RHA. Additionally, EDX analysis of the new adsorbent (NH 4 Cl/ RHA) was recorded, and the results can be observed in Fig. 3 . The EDX analysis showed a big peak related to the Si element, which is the characteristic of RHA-based adsorbents.
The functional groups of the prepared ARHA were assessed before and after phenol adsorption, using the FTIR (Fig. 4) . The FTIR spectra of ARHA, both before and after phenol adsorption, show some remarkable peaks which are related to functional groups of C=C (1,515 cm -1 ) and silica functional groups of Si-OH (3,500-3,750 cm -1 ), Si-O-Si (1,080 cm -1 ), and Si-H (798 cm -1 ) [48] . Also, the FTIR spectrum of the adsorbent after phenol adsorption shows an extra peak at 1,647 cm -1 which can be attributed to the cyclic C=C bond of phenol molecules adsorbed on the surface of ARHA.
FESEM micrographs are usually used as a valuable tool to study the surface morphology of adsorbents before after adsorption process. Fig. 5 shows the morphological characteristics of pristine RHA adsorbent, along with those of ARHA adsorbent before and after phenol adsorption. The figure shows that the ARHA contains well developed, non-uniform cavities which are very helpful for adsorption of phenol to the interior surface of the adsorbent. Such welldeveloped cavities could be due to the explosion property of ammonium chloride at high temperatures, which also is responsible for the high specific surface area of the fabricated adsorbent. However, comparing the FESEM micrographs does not reveal any morphological change in the surface of the adsorbent due to occurring the adsorption process.
Effect of pH and contact time on phenol removal
Solution pH is a critical experimental factor which has a significant influence on phenol removal, due to altering adsorbent charges, ionization degree, and enhancement of functional groups on surface active binding sites and also solution chemistry [49] . The effect of pH in the range 3-11 for the removal of phenol by ARH was tested in the contact time 5-100 min. It can be seen from Fig. 6a that from pH 3.0 to 5 the rate of the removal of phenol increased but then with the further increase of pH 7-11 decreased. Also, the phenol removal efficiency increased with increasing the contact time, and an almost maximum removal percentage (93.13%) occurred within the first 15 min of adsorption and the equilibrium state was attained within 60 min. Under the equilibrium conditions, maximum phenol removal efficiency was obtained to be 97.93%. Therefore, optimum adsorption conditions of phenol were obtained at pH 5 and 60 min of contact time. The experimental results revealed that the isoelectric point (pH zpc) for ARHA was 5.8. At pH values close to pH pzc of the adsorbent, the ARHA surface is not protonated very much and let the stronger and more rapid physical interactions, such as π-π electron donor-acceptor interactions, to be established between the adsorbent surface and phenol molecules, which lead to further increase of phenol uptake. At low pHs, the surface of the adsorbent is occupied with H + ions which compete with phenol adsorption and reduce its removal percentage. The phenol pKa is 9.95 and, therefore, it dissociates at high pHs. On the other hand, at high pHs, the surface charge becomes negative which results in repulsion between the negatively charged surface and dissociated phenol molecules in the solution, which causes a decrease in the removal efficiency. Also, at basic pH values, OH -competes with phenol adsorption onto the adsorption sites [5] . Anyway, pH 5 was selected for further studies. Fig. 6b shows the effect of adsorbent dosage on the removal efficiency of phenol. According to this figure, phenol removal efficiency increased with increasing adsorbent dosage from 0.1 to 0.5 g/L, so that, in the early times (5 min), the removal efficiency of phenol was increased from 33% to 70.6% with increasing the ARHA dose which might be due to the availability of more adsorption sites. The result showed that phenol adsorption onto the mass unit of adsorbent decreases as the amount of adsorbent dose increases. These results were in accordance with those reported by Mohammadi et al. [10] that mentioned the lack of the available vacant sites as the reason for this adsorption capacity decrease.
Effect of adsorbent dosage on the removal efficiency at different contact times
Effect of temperature on the adsorption of phenol
Effect of various temperatures (20°C, 30°C, and 50°C) on the adsorption of phenol by ARHA showed that the removal efficiency improved with an enhancement in temperature (Fig. 7) . It can be seen that, with the increase in temperature from 20°C to 50°C, the rate removal of phenol increased from 87% to >98%. The increase in removal percentage with the increase in temperature was due to the increase in solubility of phenol and the increase of effective collisions between the phenol and adsorption sites in ARHA surface. Also, increasing adsorption percentage at higher temperatures shows that the adsorption process is endothermic and, therefore, the removal process is more favorable at higher temperatures.
Adsorption kinetics
Adsorption kinetic study is usually employed to assist the understanding of adsorption mechanisms and evaluation of the adsorbent performance [50, 51] . Pseudo-first-order and pseudo-second-order models were applied for the estimation of the adsorption kinetics [51] . Pseudo-first-order model and the pseudo-second-order model are expressed in a linear form in Eqs. (3) and (4) where k 1 and k 2 , respectively, represent the first-order and the second-order rate constants, q t is the adsorption capacity of the adsorbent at time t, and q e is the adsorption capacity at equilibrium [51] . Table 2 and Fig. 8 show the calculated adsorption parameters of phenol removal for the pseudo-first-order and the pseudo-second-order models. According to the results of correlation coefficients for both kinetic models, it can be ascertained that the adsorption kinetics of phenol followed the pseudo-second-order model with relatively high correlation coefficients at all concentration studied.
Isotherms of phenol adsorption
Adsorption isotherms are based on the adsorption features and equilibrium data which describe the interaction type of contaminant molecules with the adsorbent materials and play an important role in the optimization of adsorbent consumption. Freundlich and Langmuir models were applied for fitting with the experimental data. The basis of Langmuir model is that the energy of adsorption is stable and the process of adsorption happens on homogeneous surfaces via monolayer adsorption [52, 53] 
where q e (mg/g) is the quantity of adsorbate adsorbed at equilibrium, C e (mg/L) is the concentration of adsorbate in the equilibrium state, b (L/mg) is the Langmuir constant, q max (mg/g) is the maximum adsorption capacity. The values of q max and b can be calculated via linear plots of C e /q e vs. C e [54, 55] . The essential characteristics of the Langmuir model can be expressed by a constant called separation factor, R L , describing the sorption capability of the adsorbent and is given in Eq. (6) . and multilayer adsorption of solute onto the adsorbent surface. The linearized form of the Freundlich's equation is expressed as follows:
where K F and n are Freundlich constants related to adsorption capacity ((mg/g) (L/mg) 1/n ) and adsorption intensity, respectively. Values of 1 > n, 1-2, and 2-10 represent weak, favorable, and good adsorption conditions, respectively. A plot of lnq e vs, lnC e would give n and K F from the slope and intercept, respectively [41] . Linear isotherms of the Langmuir and Freundlich models are shown in Fig. 9 , and the calculated parameters are reported in Table 3 .
As can be observed, the adsorption capacity was increased with an increase in temperature from 20°C to 50°C for both Langmuir and Freundlich isotherms, and maximum adsorption capacity in Langmuir model increased from 50 to 66.6 mg/g. According to the obtained correlation coefficients obtained for Langmuir and Freundlich models ( Table 2) , the adsorption of phenol on ARHA is best-fitted with Langmuir model. This result indicates that phenol adsorption takes place at homogenous adsorption sites and a monolayer adsorption occurs onto the adsorbent surface [45] . The essential characteristic of the Langmuir model is the separation factor, R L , describing the adsorption capability of the adsorbent. The results of equilibrium studies showed that the values of R L in the present investigation were found to be in the range of 0-1, suggesting that the conditions are favorable for adsorption process [47] . Gholizadeh et al. [56] reported that the maximum adsorption capacity of inactivated rice husk ash was 5.9 mg/g. Higher values of ARHA adsorption capacity for phenol removal would be ascribed to the higher surface area obtained by the application of ammonium chloride as the activation agent.
Thermodynamic studies
Thermodynamic parameters of adsorption give some insight into the process of adsorption, such as whether the nature of the adsorption process is endothermic or exothermic and the process is either spontaneous or not [52] . Unfortunately, in the past decades, many erroneous ways have been utilized for the thermodynamic study of adsorption processes [57, 58] . In order to investigate the thermodynamic aspects of ARHA adsorption, the most correct way for calculating thermodynamic parameters, that is, free energy change (ΔG), enthalpy change (ΔH), and entropy change (ΔS, is to compute the suitable thermodynamic equilibrium constant (K°e ; dimensionless) at any temperature from the isothermal studies using the following equation [59] :
, Kg molecular weight of adsorbate Adsorbate
where K°e is the dimensionless thermodynamic equilibrium constant, K g (L/mg) is the best-fitted isotherm constant obtained from the isothermal studies at any specified temperature, g is the coefficient of activity of adsorbate (dimensionless) which can be considered as unity when the solution is sufficiently diluted, or the concentration of ionic compounds is low [60] , and [Adsorbate]° is the standard concentration of the adsorbate, that by definition is 1 mol L -1 [61] . Then, vant' Hoff equation can be employed for the calculation of thermodynamic parameters using the following equation [59] :
where R is the universal gas constant (8.314 J K -1 mol -1
), and T is the temperature (K). Considering the 3rd principles of the Thermodynamics, one has the following relation:
Combining Eqs. (9) and (10) leads to Eq. (11) .
By plotting of ln(K°e ) vs. 1/T, the changes in ΔS° and ΔH° can be computed from the intercept the slope, respectively [59, 60] .
Therefore, using the values obtained for the Langmuir constant (b; L/mg) and calculating the thermodynamic equilibrium constants at different temperatures, Fig. 10 was constructed based on Eq. (11) , and the thermodynamic parameters were calculated and reported in Table 4 . The value of free energy change (ΔG°) was negative and increased with increasing temperature, while the values of enthalpy (ΔH°) and entropy (ΔS°) were positive. Finally, it can be said that the adsorption process exhibited better results at higher temperatures. The positive value of ΔH indicates that the adsorption of phenol on ARH is endothermic in nature which is consistent with the effect of temperature on adsorption efficiency. This is due to the strong interaction between adsorbent and phenol [62] . Since the ΔH° magnitude for physisorption processes approximately ranges from 2.0 to 20 kJ/mol [63, 64] , the magnitude of ΔH° (17.64 kJ/mol) indicates that the removal process of phenol by ARHA is a physical type of adsorption. The negative values of change in the Gibbs free energy were indicating the spontaneous adsorption of phenol on the adsorbent surface.
Conclusion
Results of the present study indicated that chemically activated RHA yielded a better removal efficiency, in comparison with the non-activated one. At similar experimental conditions, the use of different activation agents increased the adsorption capacity for phenol removal. Among the activators tested, NH 4 Cl had the highest efficiency and, therefore, NH 4 Cl-ARHA was further studied. The results indicated that the activation process with NH 4 Cl brings about a much higher surface area and, consequently, a much higher phenol adsorption capacity for ARHA, compared with pristine RHA. Batch adsorption experiments were performed to throw light on the properties of ARHA for removal of phenol from aqueous solutions. Results of the effect of contact time showed that the phenol adsorption onto ARHA was rapid and obeyed the pseudo-second-order kinetic model. By increasing the values of adsorbent dose, the initial concentration of phenol, and temperature, the adsorption rate increased, decreased and decreased, respectively. Isotherm studies of phenol removal by ARHA showed that the Langmuir model best represented the adsorption data. In addition, thermodynamic studies revealed the endothermic and spontaneous nature of the adsorption process. 
